Abstract Vitamin C significantly reduced senescence-associated b-galactosidase (SA-b-gal) activity, with both the suppression of cell-cycle inhibitors (p53, p21, p16, and pRb) and stimulation of cell-cycle activators (E2F1 and E2F2). Vitamin C also effectively attenuated the hyperactivation of the phosphatidylinositol 3-kinase (PI3K)/protein kinase-B (AKT) signaling pathway. The expression of the longevity marker, the mammalian target of rapamycin (mTOR), was down-regulated by vitamin C while the expressions of forkhead box O3a (FoxO3a) and sirtuin1 (SIRT1) were up-regulated by vitamin C. In the middleaged (MA) mice, oral administration of vitamin C significantly inhibited wrinkle formation, skin atrophy, and loss of elasticity through increasing collagen and elastic fiber. The increase in transepidermal water loss and the decrease in skin hydration were recovered by vitamin C treatment in the MA mice. Overall, vitamin C effectively prevents cellular senescence in vitro and in vivo suggesting it has protective potential against natural aging of the skin.
Introduction
Human skin cells are constantly exposed to stress from exogenous and endogenous factors, resulting in extrinsic aging caused mainly by ultraviolet radiation (UVR) and intrinsic aging caused mainly by cellular senescence [1] . Cellular senescence can be divided into two categories based on the mechanism involved: telomere-initiated or replicative senescence and stress-induced or premature senescence [2] . Accumulation of oxidative stress over time leads to the DNA-damage response which triggers premature senescence through the p53/p21 and p16/pRb pathways [3, 4] . These two major pathways are directly associated with cell cycle arrest, which is the most evident sign of cellular senescence. p53 is a transcription factor that results in cellular senescence by inducing the expression of p21, a cyclin-dependent kinase (CDK) inhibitor. p16 is another CDK inhibitor that suppresses pRb phosphorylation. Cell proliferation is regulated by pRb activity which inhibits an E2F transcription factor, controlling gene expression in the cell cycle [4] .
Oxidative stress also leads to stimulation of the phosphatidylinositol 3-kinase (PI3K)/protein kinase-B (AKT) signaling pathway, which controls lifespan and cellular senescence [5] . The forkhead transcription factor FoxO3a plays an essential role in the PI3K/AKT signaling pathway [6] . Down-regulation of FoxO3a in fibroblasts causes many senescent phenotypes such as an increase of senescenceassociated b-galactosidase (SA-b-gal) activity and enhancement of p53 and p21 expression [7] . Thus, resistance to oxidative stress increases FoxO3a activity, which attenuates cellular senescence through the p53/p16-pRb and PI3K/AKT signaling pathways.
Senescent cells secrete inflammatory cytokines and other molecules that induce deleterious local tissue changes. The most significant of these effects is known as the senescence-associated secretory phenotype (SASP) [8] . Accumulation of oxidative cellular damage, which occurs with the passage of time, is a primary driving force for aging. The cellular damage causes activation of nuclear factor-kappa B (NF-jB), which acts as an SASP inducer to regulate the secretion of pro-inflammatory cytokines. Interleukin-6 (IL-6) and IL-8 play a crucial role as proinflammatory cytokines in premature senescence initiation and maintenance [9] .
Vitamin C, known as ascorbic acid, plays a pivotal biological role by acting as an antioxidant donating two electrons and scavenging many reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ) [10] . Vitamin C also provides various cutaneous effects such as the promotion of collagen synthesis, inhibition of the collagendegrading enzyme matrix metalloproteinase-1 (MMP-1), photoprotection against UVR, and anti-inflammatory effects [11] . However, it has not been reported whether vitamin C has a preventive effect on cellular senescence in human dermal fibroblasts (Hs68) and middle-aged (MA) hairless mice. In this study, the inhibitory effect of vitamin C on intrinsic aging was investigated by evaluating its ability to attenuate hyperactivation of the PI3K/AKT signaling pathway, SA-b-gal activity, cell cycle arrest, and inflammatory cytokines in vitro and in vivo. Moreover, the effect of vitamin C on skin aging phenotypes was evaluated in MA hairless mice.
Materials and methods

Chemical reagents
Vitamin C (purity C 98%) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were supplied by Sigma Chemical Company (Sigma-Aldrich, St. Louis, MO, USA). Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were supplied by Hyclone Laboratories (Logan, UT, USA). Antibodies against p53, p21, p16, pRb, PI3K, phospho-AKT (p-AKT), AKT, phospho-FoxO3a (p-FoxO3a), FoxO3a, phosphomTOR (p-mTOR), mTOR, SIRT1, NF-jB, and a-tubulin were supplied by Cell Signaling Technology (Beverly, MA, USA).
Cell culture and H 2 O 2 exposure
Hs68 human dermal fibroblasts (American Type Culture Collection, Manassas, VA, USA) were cultured in DMEM, supplemented with penicillin (120 units/ml), streptomycin (75 lg/ml), and 10% FBS, under an atmosphere of 5% CO 2 at 37°C. At 70% confluency, the fibroblasts were treated with 600 lM H 2 O 2 (Sigma-Aldrich) for 2 h to induce the senescent state. The culture medium was changed every 12 h during the experimental period, to maintain a consistent effect of vitamin C on Hs68 fibroblasts.
Cell viability assessment
Cell viability was evaluated by MTT colorimetric assay. Hs68 cells (1 9 10 5 cells/well) were pretreated with various concentrations of vitamin C for 24 h. The cells were exposed to 600 lM H 2 O 2 for 2 h in order to induce growth arrest, and then treated with or without vitamin C, for an additional 24 h. After vitamin C treatment, the cell viability was assessed by MTT colorimetric assay according to our previous method [12] . No significant cell viability was observed at less than 500 lM vitamin C, compared to the control (data not shown). The following studies were conducted at less than 500 lM vitamin C.
Animal experiments
Eight-week-old female albino hairless mice (SKH-1; Orient Bio Inc., Seongnam, Korea) were housed in Yonsei Laboratory Animal Research Center (YLARC; Seoul, Korea) at 23 ± 2°C and 55 ± 10% relative humidity, with a 12 h day/night cycle for 24 weeks. The animal experimental protocols were approved by the Institutional Animal Care and Use Committee of YLARC (Permit number 2013-0113). Mice were randomly assigned to three MA groups as follows: (1) MA group (MA), (2) MA and 50 mg/kg/day vitamin C administrated group (Vit C 50), and (3) MA and 200 mg/kg/day vitamin C administrated group (Vit C 200). Vitamin C, which was dissolved in saline, was orally and daily administrated to the mice for 24 weeks using oral feeding needles. The volume for oral administration was 200 ll per mouse. The mice in MA group received the saline instead of vitamin C. For the young model, 7-week-old female albino hairless mice (Orient Bio Inc.) were purchased 1 week before sacrifice and housed in the same condition for a week. The mice were euthanized by intraperitoneal injection of a mixture of Zoletil (Virbac, Carros, France) and Rompun (Bayer Korea Ltd., Seoul, Korea). Skin biopsy tissue samples of the hairless mice were collected and kept at -70°C.
Senescence-associated b-galactosidase assay
The SA-b-gal activity of Hs68 cells and skin tissues was evaluated using a 96-well cellular senescence assay kit (SA-b-gal staining; Cell Biolabs, San Diego, CA, USA) according to the manufacturer's instructions. Briefly, Hs68 cells and the dorsal skin tissues were treated with cold 1 9 cell lysis buffer. The whole lysate was centrifuged at 4°C and 16,5009g for 10 min and the supernatant was separated. The cell lysate (50 lL) was mixed with an equal amount of 2X assay buffer and incubated in the dark at 37°C for 1 h. The SA-b-gal activity of the lysate was assessed using a fluorescence plate reader (GloMax-Multi Microplate Reader; Promega, Madison, WI, USA) at 360 nm (excitation)/465 nm (emission).
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA of Hs68 cells and homogenized skin tissues were assessed by RT-PCR, according to our previous method [12] . PCR amplification was conducted in a Gene Amp PCR System 2700 (Applied Biosystems, Foster City, CA, USA). Primers were designed according to Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and our previous study [13] . The following primer pairs (Bioneer, Daejeon, Korea) were used: human p53 (forward, . The PCR products were analyzed by 1.5% agarose gel electrophoresis and detected using a G:BOX Image Analysis System, with Gene Snap Program (Syngene, Cambridge, UK).
Western blot analysis
The concentration of lysate protein from Hs68 cells and skin tissues homogenized by NP-40 protein lysis buffer (ELPIS-Biotech) with protease inhibitor cocktail, were quantified by the Bradford assay (Bio-Rad Laboratories Inc., Hercules, CA, USA). The proteins were detected by Western blot assay according to our previous method [12] . Primary antibodies against p53, p21, p16, pRb, PI3K, p-AKT, AKT, p-FoxO3a, FoxO3a, p-mTOR, mTOR, SIRT1, NF-jB, and a-tubulin (1:1000 dilution), were used. The bound primary antibodies were incubated with horseradish peroxidase-linked secondary anti-rabbit or antimouse antibodies (1:5000 dilution; Bethyl Laboratories, Montgomery, TX, USA). Blotted antibody signals were detected with the enhanced chemiluminescence (ECL) detection system (Amersham ECL Western Blotting Detection Reagents; GE Healthcare, Uppsala, Sweden) and were visualized by the G:BOX Image Analysis System (Syngene).
Evaluation of skin wrinkle formation
Replicas of hairless mice dorsal skin were prepared using a Silflo kit (CuDerm Corporation, Dallas, TX, USA) and analyzed with Visioline VL650 (CK Electronics GmbH, Cologne, Germany). The skin wrinkle parameters were represented as wrinkle number, depth, length, and the total area of the wrinkles.
Evaluation of skinfold thickness
Skinfold thickness of the dorsal skin in hairless mice was measured using a caliper (Ozaki MFG Co., Ltd., Tokyo, Japan) at 24 weeks. The dorsal skin of hairless mice was manually lifted by pinching at the neck and base of the tail, and skinfold thickness was measured at the mid-back. At least three measurements were taken at close proximity and the mean value was calculated.
Hydroxyproline assay
The hydroxyproline content was determined using a hydroxyproline content assay kit (QuickZyme Biosciences, Leiden, Netherlands) according to the manufacturer's protocol.
Histological analysis
The skin tissues were fixed in 10% formalin for 24 h. Hematoxylin and eosin (H&E) stain for observing skin thickness, Masson's trichrome (M&T) stain for assessing collagen fiber, and Verhoeff-van Gieson's stain for determining elasticity, were conducted in dorsal skin tissue. The stained skin sections were visualized under an inverted microscope (Nikon Eclipse TE2000U). with twin CCD cameras (Nikon, Tokyo, Japan).
Evaluation of skin hydration and transepidermal water loss (TEWL)
The level of skin hydration was determined using a Corneometer Ò CM 825. The TEWL, a marker of water barrier function of epidermal skin, was observed by Tewameter Ò TM 300, which was mounted on a Multi Probe Adapter Ò
MPA5 (CK Electronics GmbH).
Statistical analysis
Data were reported as the mean ± standard deviation (SD) of triplicate independent experiments. All experimental groups were compared by one-way analysis of variance (ANOVA), followed by Scheffe's test and unpaired t test, using IBM SPSS Statistics 21 software (SPSS, Chicago, IL, USA).
## p \ 0.01, # p \ 0.05, **p \ 0.01, and *p \ 0.05 were considered to be statistically significant.
Results and discussion
Vitamin C reduces SA-b-gal expression and recovers cell-cycle arrest in vitro and in vivo Overexpression and accumulation of endogenous lysosomal SA-b-gal, is a typical characteristic of senescence [14] . The activity of SA-b-gal increased in the H 2 O 2 control but the activity was dose-dependently decreased by vitamin C treatment in H 2 O 2 -induced Hs68 cells (Fig. 1A) . In addition, the MA control mice showed increased SA-bgal activity whereas this activity was significantly diminished in vitamin C-treated MA mice (Fig. 1B) . The data show that vitamin C effectively attenuates senescence in vitro and in vivo. Increased SA-b-gal activity is the most common hallmark of cell senescence and its activity is directly associated with cell cycle arrest [14] . One of the characteristics of senescence is a change in gene expression, including cell-cycle inhibitors (p53, p21, p16, and pRb) and activators (E2F1 and E2F2) [15] . Vitamin C diminished the mRNA and protein expression of cell-cycle inhibitors, including p53, p21, p16, and pRb in the H 2 O 2 control of the Hs68 cells (Fig. 1C, D) and MA mice group (Figs. 1E, 2F) . However, the cell cycle activators including E2F1 and E2F2, were increased by vitamin C treatment in H 2 O 2 -induced Hs68 cells (Fig. 1C) and MA mice (Fig. 1D) . These data indicate that vitamin C prevents cell cycle arrest through regulating the cell cycle inhibitors and activators in H 2 O 2 -induced Hs68 cells and MA mice. Therefore, vitamin C protects against intrinsic aging through inhibiting cell cycle arrest.
Vitamin C inhibits the PI3K/AKT signaling pathway and increases SIRT1 expression in vitro and in vivo Oxidative stress-induced cellular senescence stimulates PI3K activity, which triggers AKT hyperactivation [5] . PI3K and AKT downstream markers, such as mTOR and FoxO3a, are known as the regulators of the cell cycle and mediators of lifespan extension [6] . The protein levels of PI3K and p-AKT increased in H 2 O 2 control and MA mice group but were effectively decreased by vitamin C treatment without changes in the t-AKT level. p-mTOR protein expression was increased in the H 2 O 2 control of Hs68 cells and MA mice group. However, vitamin C treatment significantly reduced p-mTOR expression, without changes in the t-mTOR level. In addition, vitamin C treatment increased FoxO3a protein expression but decreased p-FoxO3a expression compared to the H 2 O 2 control of the Hs68 cells and MA mice group (Fig. 2A, B) . These data show that vitamin C attenuates cellular senescence by regulating the PI3K/AKT signaling pathway.
Calorie restriction (CR) is also related to the deceleration of aging, depending on SIRT1 expression, which is also associated with cellular senescence regulation. SIRT1 is associated with lifespan and acts as an anti-aging factor in cellular senescence [16] . SIRT1 protein expression was decreased in the H 2 O 2 control of Hs68 cells and the MA mice group. In contrast, vitamin C treatment significantly increased SIRT1 protein expression compared to the H 2 O 2 control of Hs68 cells and MA mice group (Fig. 2C, D) , suggesting vitamin C confers resistance against aging. Research attempts have been made to postpone aging by changing senescence-associated signaling pathways, using pharmacological and natural agents [17] . CR has received particular attention because it can increase the lifespan of model organisms [18] . Accordingly, the search for natural CR mimetics has become a promising area in anti-aging studies. Resveratrol is known as an effective CR mimetic. The senescence-reversing activity of resveratrol is mainly SIRT1-dependent exhibiting beneficial effects against various age-related diseases such as cardiovascular diseases, diabetes, obesity, and cancer [19] . In the same context, vitamin C considerably elevated the protein level of SIRT1 in Hs68 cells and hairless mice. Thus, vitamin C 
Vitamin C reduces inflammatory responses in vitro and in vivo
Senescent cells secrete various pro-inflammatory factors and thus, the condition has been called the SASP, which affects neighboring cells. SASP is a distinct indication of senescence, observed both in vitro and in vivo [8] . When cells were exposed to H 2 O 2 , IL-6 and IL-8 were overexpressed. However, vitamin C treatment dose-dependently inhibited IL-6 and IL-8 mRNA expression, compared to the H 2 O 2 control of Hs68 cells (Fig. 3A) . The protein level of NF-jB, an SASP inducer, was also gradually decreased by vitamin C treatment compared to the H 2 O 2 control of Hs68 cells and MA mice group (Fig. 3B, C) . These data imply that vitamin C serves as an effective anti-aging agent through its anti-inflammatory activities. Therefore, vitamin C inhibits the maintenance and initiation of cellular senescence by down-regulation of SASP expression.
Vitamin C improves wrinkle formation and skin thickness in vivo
Aged skin is characterized by thin, smooth and soft wrinkles and shows decreased skin thickness [20] . To investigate the inhibitory effect of vitamin C on wrinkle formation, wrinkle parameters were analyzed using photography and skin replica. Various wrinkle parameters, including wrinkle number, length, and depth, and total wrinkle area, were analyzed using photography and skin replica (Fig. 4A) . All wrinkle parameters were significantly attenuated by administration of vitamin C compared to the MA mice group (Fig. 4B) . Extrinsic aging induced by UVR, exhibits skin hypertrophy, whereas, intrinsic aging induces skin atrophy. The MA mice group showed decreased skin thickness, as represented by the thinner- (Fig. 4C, D) . These data indicate that the skin thickness is significantly increased by vitamin C treatment. Therefore, vitamin C improves morphologic and structural changes, such as wrinkle formation and skin thickness.
Vitamin C inhibits collagen degradation and elasticity reduction in vivo
Collagen is the predominant extracellular matrix component in the skin. Compared to non-aged skin, aged skin shows loss collagen in the extracellular matrix, resulting in dermal atrophy [21] . The MA mice group showed degradation of collagen fibers while vitamin C effectively prevented collagen degradation (Fig. 5A) . Hydroxyproline content also supported the inhibitory effect of vitamin C on collagen degradation (Fig. 5B) , suggesting vitamin C inhibits collagen degradation and promotes collagen synthesis. Aged skin dermis shows a destruction in the elastic fiber network, resulting in decreased skin elasticity [22] . In order to evaluate the effect of vitamin C on elastic fibers in aged skin, we used a Verhoeff-van Gieson's staining which is a method to evaluate the elastic fibers in skin [12, 13, 23] . As compared to the MA mice group, vitamin C administration (50 or 200 mg/kg/day) increased elastic fibers (Fig. 5C ), which imply that vitamin C enhances synthesis of elastic related fibers in the skin. In human skin dermis, intrinsic aging is represented by features, including the destruction of the elastic fiber network and loss of skin atrophy of the skin dermis due to the loss of collagen [24] . Thus, it is conceivable that the reduction in the biosynthetic capacity of fibroblasts in the aged state can be rejuvenated by vitamin C.
Vitamin C improves skin barrier function in vivo
Skin acts as a barrier, protecting against dehydration. Skin hydration and TEWL represent water-holding properties [21] . These are indicators of skin barrier function. Skin hydration level was increased in the vitamin C administrated groups, compared to the MA mice group (Fig. 6A) . Although the TEWL level of the MA mice group was increased, vitamin C treatment effectively attenuated the TEWL level in the skin of hairless mice (Fig. 6B) . Accordingly, vitamin C has an improvement effect on skin barrier function by increasing skin hydration and decreasing TEWL.
In summary, vitamin C does not only inhibit cellular senescence associated with the PI3K/AKT and the p53/ p16-pRb pathways, but also up-regulates the expression of other longevity factors such as mTOR and FoxO3a. Furthermore, vitamin C inhibits morphologic and structural changes, such as wrinkle formation, loss of collagen, and elastic fibers. Overall, vitamin C can serve as an effective CR mimetic and has the potential to be an effective antagonist to natural aging in skin. 
